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The surface structure of noble metal nanoparticles usually plays a crucial role during the catalytic process
in the ﬁelds of energy and environment. It has been studied extensively by surface analytic methods, such
as scanning tunneling microscopy. However, it is still challenging to secure a direct observation of the
structural evolution of surfaces of nanocatalysts in reaction (gas and heating) conditions at the atomic
scale. Here we report an in-situ observation of atomic reconstruction on Pt {100} surfaces exposed to
oxygen in an environmental transmission electron microscope (TEM). Our high-resolution TEM images
revealed that Pt-{100}-p(22)-O reconstruction occurs during the reaction between oxygen atoms and
{100} facets. A reconstruction model was proposed, and TEM images simulated according to this model
with different defocus values match the experimental results well.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
As a typical catalyst, platinum nanoparticle has been widely
studied because of its great performance in heterogeneous cata-
lysis [1–6]. In general, the catalytic performance of catalyst nano-
crystals is strongly related to their composition [7,8], shape [9–12],
size [9], and, more importantly, their surface structure [12–15],
which is in direct contact with environmental reactants. The ac-
tivity of a catalyst may be very different if the atomic arrangement
or coordination of its surface changes [16], such as when re-
construction occurs [17–20]. With respect to Pt nanoparticles,
several low-index surfaces (e.g., {100} [18,21], {110} [17,22], and
{111} [23–25]) have been observed to reconstruct under different
reaction conditions [25–27]. In particular, when these surfaces are
exposed to certain gases, surface reconstruction can be induced or
reversed [27–30]. Thus, understanding the response of the surface
to variable gas environments is important. Although great efforts
to study the surface reconstruction on Pt have been exerted, in-
formation regarding reconstruction under different reaction con-
ditions at the atomic scale remains limited.
In situ methods, including in situ environmental TEM (ETEM)
and in situ scanning tunneling microscopy (STM), are efﬁcient and
powerful tools for materials research; thus, they have been ex-
tensively employed to investigate the structural evolution of cat-
alyst surfaces under chemical reaction conditions at the atomicety. Production and hosting by Elsev
).
).
rials Research Society.scale over the last few decades [31–36]. In this letter, we report the
direct observation of a new (22) reconstruction on the Pt {100}
surfaces in an ETEM equipped with a gas-heating holder that al-
lows for introducing pure oxygen (0.1 Pa) into the TEM column.
Our in situ TEM images indicate that the (22) reconstruction is
triggered by the reaction between Pt surfaces and oxygen.2. Experimental
Using a previously published procedure [37], Pt nanocrystals with
an average diameter of 6 nm were synthesized and dispersed in
methanol. The solution (1 mg/mL) was then drop-casted onto the
edge of a SiN supporting substrate, which is an amorphous holey chip.
In-situ observation of the reconstruction on Pt surfaces was carried
out in an ETEM (H-9500, Hitachi Company) under an oxygen pressure
of 0.1 Pa at 400 °C. Simulation images were obtained using the Mul-
tislice program [38] included with the JEMS software [39]. Crucial
simulation parameters are all used same as the experiment: accel-
erating voltage¼300 kV, Cs¼0.7 mm. For HRTEM simulating, we
employed a (001) surface slab model, having 37 Pt monoatomic layers
with a reconstructed ﬁrst Pt layer induced by oxygen adsorption (Fig.
S1). More details can be found in the Supporting Information.3. Results and discussion
A series of in situ TEM images shows the structural evolution of
Pt surfaces upon oxygen reaction at 400 °C, is depicted in Fig. 1a.ier B.V. This is an open access article under the CC BY-NC-ND license
Fig. 1. TEM snapshot images of the P-{100}-(22) reconstruction (oxygen pressure 0.1 Pa, 400 °C) obtained from a video. The zone axis of (a)–(e) is [100]. (f, g) Top- and
side-views of the ideal unreconstructed Pt models, respectively. Orange and blue balls denote the top layer and substrate Pt, respectively. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 2. (a) the reconstruction of Pt (100) surface (at an oxygen pressure of 0.1 Pa, 400 °C). (b) an ampliﬁed area of the white square in (a). The distance between the circles are
indicated as D1¼3.73 Å, d1¼1.87 Å, D2¼3.36 Å, d2¼2.24 Å. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this
article.)
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substrate. Graphene layers, which are formed ﬁrstly on the sur-
faces of the Pt nanoparticle (Fig. 1a) due to consecutive electron
beam irradiation [40,41], impede direct impingement of oxygen on
the Pt surfaces. The graphene layers are gradually removed after
reaction with oxygen at elevated temperatures [42], leaving clean
Pt surfaces. The structure of the exposed part of the Pt surfaces
begins to change after the graphene layers are removed. As shown
in Fig. 1a, the (001) facet (indicated by the yellow line) is ﬂat
without any obvious reconstruction. As the reaction proceeds,
small atomic promontories appear on the (001) surface and ar-
range regularly. This type of atomic rearrangement can be clearly
observed on either (100) or (010) facets and even on some high-
index facets, such as (0–1–2) and (0–23) (green arrows in Fig. 1c
and e). For simplicity, we only focus on atomic reconstructions on
the {100} facets, which consist of three identical surfaces: (001),
(010), and (100). A high resolution TEM image of the Pt nano-
particle is presented in Fig. 1e. The inset in this ﬁgure showspromontories on the (001) facet with a spacing of 3.91 Å and a
height of 3.63 Å. Similar promontories with a spacing of 3.86 Å can
be seen on the (0–10) facet. Ideal models of the unreconstructed Pt
(001) surface from the top- and side-views are respectively de-
picted in Fig. 1f and g. The orange (blue) balls are top (substrate)
atoms.
According to a previous report [43], the spacing of the (200)
facets in this model is 1.96 Å, which is approximately half that of
the promontories in Fig. 1e. These results indicate that a 2 su-
perstructure is formed on the (001) along [010] direction, but it is
still not clear about the vertical [100] direction. So a top-view is
urgent needed. In fact, similar reconstructions can be observed on
the (100) facet, as marked by the yellow dotted square in Fig. 1e,
although the image is not very clear due to the non-ﬂat surface.
In Fig. 2a, the (100) surface of the Pt nanoparticle after re-
construction is displayed; here, the reconstruction directly shows
the top-view. The lowest period of the surface lattice is marked by
a purple dotted square. The spacing of the (011) and (011) facets
Fig. 3. Images of Pt (100)-(2*2) reconstruction captured in experimental (a), (b) and simulated (c), (d) with different defocus. Small simulating images are inset in the
corresponding experimental results. The scale in (a) is 2 nm. A reconstruction model is provided in (e, f). Orange balls and blue balls are the top layer and substrate of Pt,
respectively. Red balls are oxygen. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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respectively, both of which are approximately two times the two-
dimensional lattice constant (2.77 Å, in Fig. 1f) of the Pt {100}
surface (with an error less than 4%; this error may be caused by a
small deviation of the incident electron beam from the zone axis).
Therefore, the reconstruction on the Pt {100} surface must be
(22). One might claim that the lowest unit cell could be
(√2√2)R45° (marked by a red square in Fig. 2a), which is
smaller than the purple square. Fig. 2b shows a magniﬁcation of
the white square in Fig. 2a to explain our observations better ex-
planation. Along the [010] direction (blue arrows), the bright and
dark regions are arranged alternatively. The dark region appears as
a dimer consisting of two black spots (indicated by circles). The
length of the dimer is deﬁned as the spacing between the spots. In
the red square, the dimers are located at the four corners. The
diagonal dimers are equal, but two adjacent dimers are none-
quivalent. Speciﬁcally, the length of one dimer is d1¼1.87 Å
(spacing of the green circles), which is not identical to that of the
other dimer (d2¼2.24 Å, spacing of the yellow circles). Thus, the
lowest unit cell is not indicated by the red square but by the
purple square, and the surface reconstruction on Pt {100} is indeed
(22).
Taking a closer look at the (22) reconstruction unit cell, we
ﬁnd that D1 is twice d1; interestingly, however, the ratio between
D2 and d2 is 1.5, which indicates that surface atoms are rearranged
in an orderly manner and undergoes different movements in the
two adjacent rows (marked by the green and yellow arrows) along
the [01–1] direction. This type of rearrangement of surface Pt
atoms may be caused by high temperatures and oxygen adsorp-
tion. It should be noted that only heating the Pt particles in the
TEM column under high vacuum (0.0003 Pa) does not result in
reconstruction, which means oxygen is adsorbed on the Pt surface
and plays a vital role during surface reconstruction. Indeed, oxygen
adsorption has been ascribed to the reconstruction observed on Rh
(100) surface [44,45].Based on the top- and side-views of TEM images of the (22)
surface reconstruction on Pt {100}, we built a crystal model (Or-
derly Moving Atoms model, OMA, Fig. 3e–f) in which the Pt crystal
(PDF# 652,868) with a relaxed outermost {100} Pt monolayer is
covered by a monolayer of oxygen atoms. Along the [011] di-
rection, the top-layer atoms (orange balls) of the (100) surface are
rearranged, resulting in different adjacent atom rows (indicated by
the green and yellow arrows in Fig. 3e). The atomic spacing on the
green (or yellow) row are D1′¼3.70 Å and d1′¼1.85 Å (D2′¼
3.33 Å, d2′¼2.22 Å) with a ratio of 2 (or 1.5), in accordance with
experimental results in Fig. 2b. Oxygen atoms (red balls) are
placed on the bridge sites with 0.5 monolayer coverage. Simulated
TEM images with different defocus values based on the (88)
supercell of the OMA model (Fig. 3f) are shown in Fig. 3c-3d. The
simulated TEM images match the experimental results very well
(Fig. 3a–b). As oxidation of the Pt nanoparticles could occur in an
oxygen atmosphere and missing row models may be possible, we
examined the typical Pt oxides and missing row models of Pt
{100}. All simulated TEM images based on those models are quite
different from the experimental ones, as shown in the Supporting
Information, which consolidates the OMA model.4. Conclusions
In summary, (22) reconstruction on the {100} surfaces of Pt
in an oxygen environment was directly observed by ETEM. Com-
bining the top- and side-view TEM images obtained, an OMA re-
construction model was proposed. Simulated TEM images based
on this model under different defocus values matched the ex-
perimental results well. This work describes the direct observation
of surface reconstruction on a Pt surface and may shed light on
investigations of the dynamic surface reconstruction on other
nanocrystals at the atomic scale.
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